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Abstract 

In order t o  appraise quantitatively the  limits of 
satisfactory pe r fomnce  of prac t ica l  gas appliance burners 
the  use of a "performance coefficient" i s  proposed. 
performance coefficient f o r  a given burner m y  be determined 
by an indirect  procedure. when the coefficieat  is scbse- 
quently combined with data derived from the flame s t a b i l i t y  
diagram fo r  any selected f u e l  gas, the l ipits  of sa t i s fac tory  
performance of that burner when supplied with the  fuel gas 
c m  be predicted. Experimental work indicates that the  per- 
formance coefficient represents quantitatively the  influence 
of burner design and construction alone on its performance 
and &es not re f lec t  the properties of the  fue l .  Exanpies 
of the u t i l i t y  of the  performance coefficient in practice 
are given. 
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The purpose of this investigation has been to study, in greater detail than has 
It vas the 

i 
, 

1 
, 

heretofore been done, the perforntance of domestic gas appliance burners. 
immediate objective to relate more closely modern concepts of flame stability and 
the Derfornsnce of contemporary appliance burners. 
quantitative measure might be devised which would characterize the influence of over- 
all burner configuration on performance and distinguish these effects from those due 
to the nature of the fuel gas supplied. If such a measure can be determined it w i l l  
immediateLy provide gas utility conpanies with a method for camparing the adaptability 
of the great variety of appliance burners in its c o m i t y  to changes in fuel gas 
supply and for estimating the restrictions placed on variations in fuel gas compo- 
sition by burners "sensitive" to such changes. 

As a result, it was believed, a 

A quantitative index related only to burner design and construction can serve 
as a sound basis for further study of individual elements, such as port depth, shape, 
slope, spacing, and disoosition with respect to secondary air flow. Through such work 
it would be expected that significaat improvement in burners could be more success- 
fuUy achieved by appliance manufacturers. 

In two previously published reports from this lab0ratory(~)(7) statements may 1 be foLlnd of reasons for, and extent of, interest by the gas industry in a search'for 
more fundamental methods than those now available for appraising burner and appliance 
perPomame. Experience and empirical tests have been the guide for estimating the 
permissible variations in fuel gas composition, which may occur when it is necessary 
to supolement or replace t e supply of base gas in a community. 
handbook recomnendstions(lY based on the results of empirical experiments have served 
to guide burner manufacturers. These methods of procedure provide at best only 
limited assistance for modern requirements. 

In like manner, 

/ 

The most significant limitations on the perfosmance of an appliance burner are 
the conditions which result in the occurrence, on the one hand, of flashback, and 011 
the other of blowoff. In gas industry practice the occurrence of luminous or yellow 
flames under certain conditions and of minute traces of carbon monoxide in the con- 
bustion products are also regarded as "unsatisfactory performance ." However, this 
discussion WiU be limited to a consideration of flame stability. 

widely accepted, may be applied here with some modifications to be developed. BJ 
this theory the limits of the stable flame regions m y  be expressed as "critical" 
values of the velocity gradient at the boundary of the stream of premixed fuel- 
air mixture i s Fn from the burner port. 
expressed as fbY( 8 ( 3 )  

/ 

The theory of flame stability limits proposed by Lewis and von Elbe,(4) and now 

The boundary velocity gradient may be 

Where h is a friction or resistance coefficient relating the boundary velocity to 
the average flow velocity through the 
gemetry and the nature of the fluid &ow. A flame stability diagram is a gmph 
formdd by plotting the critical values of G at the flame stability limits 8@bst 

ort, and is characteristic of the port 
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t h e  composition of the  fue l -a i r  mixture.  
charac te r i s t ic  of t he  f u e l  alone. ' limits of the  s tab le  f l m e  region is determined, f o r  a given cmtus t ib l e  m i x t u r e ,  by 

I( properties of t h e  f u e l  gas represented by G, and of the burner port  represented by A. 

The flame s t a b i l i t y  dia- is 
Thus the c r i t i c e l  average flow w l o c i t y  a t  the 

The P e r f o m c e  Coefficient i 
'\ 

The parmeter A, representing the  influence of the  burner port g e a t r y ,  has 
been found t o  have the form 

1 
4 

(2) 
b i A = a/Re 

\ 

( f o r  a variety of port geometries over a broad range uf flud veloc i t ies  expressed by 
\ t he  Reynold's number Re.(o) 

forms, o r  determined experiment+ frm pressure b o p  nessukenent:. An indirect  
' Rethod of determination has a l s o ( d ( z ) ( 3 )  been suggested in which c r i t i c a l "  flow 

rates a re  measured with a f u e l  gas f o r  which the  flme stabi l i t j r  diagram is knom. 
/ '  Substituting t h e  measured "cr i t ica l"  flow r a t e  and t h e  value of G a9gropriate t o  the  
'\,, fue l ,  and the  fue l -a i r  mixture coaposition used, i n  equation (1) the  corresoondiag ' 

Data presented by G m r  a& associases(2)(3) obxiined in t h i s  

h m y  be estimated theore t icz l ly  for the s i i q l e r  port 

value of A may be calculated. 
nunbers of in te res t .  

Experbents are osde coverkg  the range of %;.cold's 

m m e r  with ports having c i rcu lar  and non-circular cross-sections coorpare favorably 
with values obtained by pressure drop measurements. 

Consideration of t h e  performance of multiple-port burners such as a r e  found in 
many contemgoraxy gas appliances indicates that t h e i r  per fomace ,  x i t h  respect t o  
the  production of stable f l m e s ,  may be sonewhat di f fe ren t  f rom that of en isoleted 
individual port ,  or l l ~ n o p o r t ' t  burner.(6) The following differences may be gointed 
out : 

1. 

2. 

3* 

4. 

The construction of atnospheric appliance burners is typ-pified by those 
i l l u s t r a t ed  in Figure 1. Primerj a i r  is entrained in a Venturi throat 
by a j e t  of f u e l  gas. S ~ E  of the por t s  are nearer the  point of attach- 
ment of t he  Venturi t o  the burner head than others, w i t h  t h e  result t-t 
the rate of flow through t h e  nearer por t s  is greater than that of the 
por t s  fa r ther  away. 
por t s  while s tab le  flames s t i l l  ex i s t  on the others. 

Blowoff m y  therefore occur f irst  on the nearer 

The spacing of t h e  por t s  may influence "piloting" f r o m  one f lme t o  
The proxinity of one port t o  another, often result- in another. 

coalescence of f-es, improves s t a b i l i t y  toward blowoff and nmay be 
desirable. 

Spacing esd burner configuration as a whole influences the  disposal 
of combustion products from the v ic in i ty  of t i e  flames and the pattern 
of secondary a i r  flow. For example, w i t h  t he  burner i l l u s t r a t e d  in 
Figure l ( a ) ,  the  accumulation of cornbustion products and deficiency 
of secondary air  near the  flames of t h e  internal c i r c l e  of ports 
permits these flames t o  blow aff more readily than those of the 
external c i rc le .  

With square edged ports an incipient detachment of flame occurs 
at smaller flow ra tes  than does the final blowoff. 
however, is observed with tubular burners and with single cylindrical. 
ports with rounded entrances and i s  the  quantity expressed in flame 
s t a b i l i t y  diagrams. In gas industry practice a conservative d d i n i t i o n  
of the l imi t  of "satisfactory performance" i s  that flow at which the  
f i r s t  incipient detachment is observed on any port of t he  multiple port 
b w e r .  

The l a t t e r  only, 

T h i s  W L U  be termed "initial lifting" in t h i s  discussion. 



5 .  Any i r r egu la r i t i e s  of a selected burner a t t r ibu tab le  t o  colnnercial 
production methods. 
por t  formstion, e tc .  
differences in port s i ze  i n  one burner. 
w i l l  more strongly influence the  occurrence of flashback while t he  
smaller por ts  w i l l  be m r e  "sensitive" t o  blowoff. 

These include t h e  occurrence of burrs, irregular 
In t h i s  group m y  also be included any deliberate 

In th i s  case the la rger  ports  

In order t o  embrace quantitatively in one parameter characterist ic of the 
multiple port  burner, t h e  influence of all these items, as well as that of the 
resistance coefficient A, a "performance coefficient," PA is proposed. Wri- 
mental study should show whether or not t h i s  parameter is related t o  the  burner 
desi@ and construction alone, as the resistance coefficient h r e f l ec t s  the  port 
geometry. ph f o r  a selected burner may be determined by the indirect  procedure 
described, and calculated by an expression similar t o  equation (1) 

G is the  c r i t i c a l  boundary velocity gradient f o r  the s t a b i l i t y  limit observed, a t  
the  pertinent fue l -a i r  ra t io ,  and is obtained from. the  flame s t a b i l i t y  diagram for 
the  fue l  used. ii is  the average l i nea r  ra te  of f l o w  through all t he  ports, calcu- 
l a t e d  from the volumetric r a t e  of flaw t o  the burner and the  t o t a l  port area, 
- v  

"H' 
The experiments w i l l  provide sufficient data t o  estimate the relationship 

between 9\ and the Reynold's number Re. Moreover, if the  perfornaance coefficient 
is characterist ic of t h e  burner construction alone data obtained with two or more 
f u e l  gases should fall on the  same curve when ph is plotted against Re. 

The plan of the  experimental work then w a s  t o  determine ph as described f o r  
several  selected multiple aort  contemporary gas appliance burners. 
f u e l  gas was used with each burner, and a broad range of variation of Re was 
sought by usi;ls fuels having as different flame s t a b i l i t y  characterist ics as 
practicable. The re la t ion  of 9, t o  the  Reynold's number was determined for each 
burner, for both the flashback and the  l i f t i n g  limits. 

More than one 

Apparatus and Procedure 

Four appliance burners were selected f o r  the  experiments, i l l u s t r a t ed  i n  
Figure I. 
(a> and ( e ) ,  arid two sets of obsemt ions  were made, one with each head. The 

. geometric charac te r i s t ics  of the burners and ports a r e  l i s t e d  in Table I. 

More than m e  fuel gas was used for tests w i t h  each burner, selected so tha t  
t he  desired range of variation of Reynold's number could most readily be attained. 
For the  most part natural gas, cylinder methane, or propane were used for blowoff 
determinations. However, flashback could usually be obtained only with mixtures 
of a hydrocarbon gas and some hydrogen. These mixtures were prepared in the 
laboratory by mixing,  under pressure, the individual constituents in a compressed 
gas cylinder. 

Two burner heads were available f o r  the interchangeable-head burner, 

With predetermined r a t e s  of f u e l  flow t o  the burner, measured by a calibrated 
d i f fe ren t ia l  o r i f i c e  flowmeter, sufficient primary air  was premixed w i t h  the f u e l  
( the air-shutter of the  burner being completely closed) t o  produce e i ther  initial 
l i f t i n g  or  flashback, as desired. 
c r i t i c a l  l i m i t ,  w a s  determined by drawing a sample from the burner head through a 
h u l i n g  oxygen analyzer. 
t he  percent f u e l  in the  combustible m m u r e  were calculated. 

The composition of the fue l - a i r  mixture, a t  the 

From the observed oxygen content, the percent air and 
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The value of ph f o r  t h e  l imi t ing  conditions in each t e s t  was calculated by 

These diagrams were determined experimentally w i t h  
equation ( 3 ) .  
prepared f o r  each f u e l  gas. 
tubular burners, o r  with shor t  cylindrical  por t s  with rounded entrances in the manner 
described by Wilson and Hawkins.(7) 
t u re s  were estimated by the method of Wilke.(5) 

The required values of G were found from flame s t a b i l i t y  diagram 

Kinematic v iscos i t ies  of the combustible mix- 

Experimental data obtained with each burner were p lo t ted  graphic- t o  show 
t h e  re la t ion  between PA and Re. 
s a t i s f ac to r i ly  by curves of the form 

It was found t h a t  the data could be represented 

PA = a/Reb (4) 
The constants pertaining to each burner were evaluated by the  method of least 
squares .* 

Experimental Results 

Data obtained with t h e  star-shaped burner, Figure l ( b ) ,  have been plotted in 
Figure 2 fo r  purposes of i l l u s t r a t ion .  
coefficients,  calculated with equation (3), and the  corresponding Reynold's number 
at the  c r i t i c a l  flow rates f o r  initial l i f t i n g  and f o r  flashback. 
f i rs t  tha t  the data representing the two s t a b i l i t y  limits a r e  clearly separated 
and d is t inc t .  
i n i t i a l  l i f t i n g  and f o r  flashback a re  an order of magnitude different.  

Individual data points represent performance 

It is observed 

In fact , .  at a given Reynold's number, performance coefficients f o r  

It is reassuring t o  f i n d  tha t ,  using consistent c r i t e r i a  f o r  each l i m i t ,  data 
obtained w i t h  d i f fe ren t  f u e l  gases f a l l  on the same curves. These observations SUD- 
por t  t he  hypothesis that t h e  performance coefficients obtained in the  manner described 
are parameters charac te r i s t ic  of the burner construction, and a re  not influenced by 
the  t G e  or" f u e l  gas supplied or  t h e  proportions of air and f u e l  in the combustible 
mixture. 

, 

Similar experimental data were obtained with the  other burners i l lus t ra ted ,  
including t h e  two heads, (d) and (e), of the  interchangeable-head burner. ' A t  least 
two different fu.1 gases were used w i t h  each burner. 
a r e  sunnarized in Figures 3 and 4 (data points have been omitted f o r  c l a r i t y ) .  
Figure 3 represents i n i t i a l  l i f t i n g  of flames, and Figure 4, flashback. It WBS 
found that the data f o r  each burner co-ald be represented by a curve of the  form of 
equation ( k ) ,  and that t h e  agreement between the  data points and the  calculated 
curves was a t  least equal t o  t h a t  i l l u s t r a t ed  by Figure 2 in all cases. Values 
of the  constants a and b of equatioa (4) pertaining t o  each burner are l i s t e d  in 
Table 11. The coordinate scales of the  two graphs"again indicate the  disparity of an 
order of magnitude between corresponding flashback and i n i t i a l  l i f t i n g  curves 
f o r  a l l  burners. 

The r e su l t s  of all experiments 

Discussion - 
I n  addition t o  the  conclusion that the performance coefficients thus determined 

a re  characterist ic m e t e r s  re la ted  t o  the b m e r  construction, th ree  other 
features of the  graphs, Figures 3 and 4, w i l l  bear discussion. 

F i r s t ,  the  published results(6)(2) of experiments w i t h  individual burner ports 

However, there is a small d i f f e r  n e i n  flow between h i t i a l  l i f t i n g  and com- 
give no c l u e  that separate curves should be obtained representing flashback and blow- 
o f f .  
p l e t e  blowoff w i t h  square-edged ports.f2y Thus f o r  an individual port the  cwve 

*TO calculate Remold's numbers applying to burner por t s  other than c i rcu lar  t he  
" h Y d r a u l i C  radius" of the port cross-sectim is used, 

. .  
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TABU3 I1 

Constants for Equations f o r  -Performance Coefficients 
of Appliance Burners 

PA I a/Reb 

Burner Flashback Lifting 
(Figure 1) 

a b a b 

a io4 1.316 88 0.865 

b 503 1.669 477 1.204 

C 157 1.363 150 0.w 

d 436 1.680 102 0 . 9 9  

e 335 1.590 19 0.766 



. .  

representmg t h e  r e l a t ion  between h and Re at  initial l i f t i ngwou ld  f a l l  above that 
f o r  blowoff by a small margin, since l i f t i n g  occurs at smaller f low'rates.  Since 
t h e  port resistance is embraced by ph, t h i s  difference w i l l  appear in  the  present 
data, but it is  not of suf f ic ien t  mgaitude t o  account f o r  t he  separation of the 
curves i n  Figure 2, or between corresponding curves in Figures 3 and 4. It seems 
l ike ly  tha t  a portion of the  observed spread between the  l i f t i n g  and flashback 
C U T V ~ S  m y  be a t t r i bu ted  t o  other differences itemized above between individual 
por t s  and multiple port  appliance burners. 
nei@boring f laws or coalescence of flanes, m i g h t  be expected t o  increase the 
s t a b i l i t y  toward l i f t i n g  and thus decrease the spread between the curves. 

Only item 2,  "piloting" between 

I n  the second place,  conparison with data on individual ports, obtained by 
e i the r  d i rec t  measurement of pressure drop or  by the  indirect  method, reveals a 
difference in slope between the  curves reported f o r  h and those found i n  this  
study for PA. Again t h e  discrepancy can only be a t t r ibu ted  t o  t h e  other per- 
formance charac te r i s t ics  of appliance burners noted. 

Finally,  differences between corresponding curves f o r  the d r i l l ed  port 
burners, F i g u r e  l ( a )  , (b) and (c) , require explanation. 
depth may account f o r  them in  ,Dart. 
suggest a change in  slope w i t h  a difference in port  depth but only a 
displacement of the curves. 
indicate different slopes of curves f o r  h E R e  for channels having square, 
rectan-r, and t r iangular  cross-sections. 
results i s ,  however, not possible because of t he  length of the  "tubes" which Grumer 
used. 

Differences in port 
Howeirer, the  l imited published data do not 

T i  The data f o r  individual por t s  of Gnuner et 2 (3) 

Detailed comparison w i t h  t he  present 

These experiments therefore do not explain quantitatively t h e  influence of 
each feature of burner desiga and construction 011 the  limits of satisfactory per- 
f o m c e .  It is believed, however, that a sound basis has been provided f o r  
fur ther  study of these elements, which w i l l  l ead  t o  a clearer understanding o f  
the  re la t ive  magitude of t h e i r  influence and of t h e i r  importance. 

Practical ADplication of Performance Coefficients 

Prac t ica l  use am be made of the  performance coefficients determined for 
any burner by combining such data with flame s t a b i l i t y  data f o r  any selected 
f u e l  gas. This may be i l l u s t r a t ed  by calculating performance curves which may 
be interpreted t o  show the  behavior of a burner when supplied with a selected 
f u e l  and i ts  re la t ion  t o  the  heat input and air shutter adjustment. These curves 
have been familiar t o  the  gas industry f o r  many years,(l)  although it has hereto- 
fo re  been necessary t o  obtain them by d i rec t  experiment. 
t h e i r  u t i l i t y  to those f u e l  gases which have actually been available in the  labora- 
tory.  Since flame s t a b i l i t y  diagrams may now be derived f o r  fue l  gases having 
nearly any assumed chemical cmposition,(3) t h e  a b i l i t y  to  estimate burner per- 
formance with d i f f e ren t  fue l s  is greatly extended. 

as that i l l u s t r a t ed  in Figure l(a), may be plotted t h e  value f o r  %, the per- 
formace coefficient of the  burner, in equation (41 may be substi tuted into 

This f ac t  has limited 

In order t o  calculate data from which performance curves for a burner, such 

equation (31, and since w 
( 5 )  Re I - 

Y 
it is found t h a t  

o r  in a form more convenient for calculation 
1 log Re = - 2-b log (9 

/ 



To calculate the l i f t i n g  curve f o r  a burner, t he  mLue of the  cans tmt ,  a, 
and the  exponent, b, of the eguation f o r  its perfoncsnce coefficient curve f o r  
l i f t i n g  are used. 
gradient a t  blowoff a re  obtained f r m  the f h z e  s t a b i l i t y  d i w a  for the  f u e l  gas 
selected, the Reynold's nmber correspomUng t o  the c r i t i c a l  flow ra t e s  a re  calcu- 
l a t ed  with equation (6) or (63). 
re la ted  by 

A t  a ser ies  of fue l -a i r  ra t ios ,  ?or which i d u e s  of t he  c r i t i c a l  

Since the  l inear  and vo lme t r i c  f lov  r a t e s  are 
- Y  
U " H  ( 7 )  

DV Re = 
t h e  c r i t i c a l  flow r a t e  a t  l i f t i n g  m y  be obtained frcm the  c r i t i c a l  Re-ynold's number 
by 

(8) 
Av 

Having the  c r i t i c a l  t o t a l  flow at l i f t i n g  and the  percent f u e l  in the  cmbustible 
mixture the corresponding fue l  ra te  and heat input t o  the  hu-ner nay be readiljr 
found. 
f o r  the flashback perfonnance coefficient,  and c r i t i c a l  gzadients a t  flashback 
f r m  the  f h e  s t a b i l i t y  diagram of the  fue l .  

The curve for  flashbeck is calculated in the  saae - a e r  using the  e q u t i o n  

These calculations have been d e  f o r  an exaixiple in which it is z s s a e d  t n a t  
a manufactured o i l  gas is  t o  be supplied t o  an appliance burner such as that in 
Figure l ( a )  . The assuned composition of the f u e l  is 

Ine r t s  (C02, 02, Nz)..: ........ 
Hyclrogen, H2 .................. W.2  
Carbon monoxide, CO ........... 1.1 
Paraffins ..................... 46.9 

&.9$ 

Olefines ......................a 
100 .o$J 

Heating value (gross) 
Specific gravity ( a i r  1.0) 
Stoichionetric air 

1076 Btu/cubic foot 
0.659 
9.706 cubic f e e t  air/cubic foot @is 

The perfonnance curves f o r  t h i s  burner and f u e l  combination a re  then those of 
Figure 6, when the  r a t e  of heat input t o  the burner is  p lo t ted  against t h e  per- 
cent of t h e  stoichicrmetric proportion of air  entreined as pr-j air. 
breadth of the  stable flame region, w i t h  respect t o  heat input rate end aeration, 
is represented by the space between the flashback and blowoff curves. 

The 

Similar calculated curves a re  shown in Figure 7 t o  - U u s t r a t e  t he  behavior 
of burner Figure l ( e ) ,  when supplied with propane.* The experimental points in- 
dicated were obtained by another observer in an isdependent study. 
section of the flashback and l i f t i n g  curves clarifies the  or ig ina l  puzzling obser- 
vation that only flashback was observed betveen 4000 and ll,OOO Btu per hour in- 
put when the primary aeration WBs between L l O  and &$ of stoichiametric air. The 
l i f t i ng  curve faU.6 within the flashback region, and under these conditions flame 
w i l l  propagate back through tine ports. 
curves appear t o  be in very satisfactory agreement. 

The in te r -  

The observed and c d c u l a t e d  flashback 

Satisfactory and camplete application of performnce coef f ic ien ts  t o  the  
design of new burners must await fur ther  study. A t  present, d a t a  available can 
be used within limits f o r  approximations. 
Figures 3 and 4 may be used if the proposed burner port s izes  and shapes t o  not 
deviate too widely from those now used in practice.  The ef fec t  of port s ize  

Averages of the curves found in 

+The curves w i l l  be the same whether the  fue l  is pure propane or a propane-air 
mixture. The location of a point on the diagram, a "perZonoance point," repre- 
senting a r t i cu l a r  o r i f i ce  and air shutter a 'ustment U depend on the pro- 
portions o T a i r  and propane i n  any mixture s u e  . - 



enters  d i rec t ly  through equation 6 and 6(a).  
spacing, a t t i t ude  toward t h e  ver t ica l ,  and the  burner copfiguration with respect t o  
t h e  re la t ive  location of por t s  and Venturi can be appraised only qualitatively.  It 
appears that these f ac to r s  may be re f lec ted  in the  slope of the performance factor 
curves, and in the spread between the  flashback and l i f t i n g  curves. 
burner " f l ex ib i l i t y  ,'I represented by the  widest attainable spread between flashback 
and l i f t i n g  curves, as p lo t ted  i n  Figure 6, w i l l  be attained by burner designs for  
which the  two performance coefficient curves are brought closest  together. 

However, the  e f fec t  of port depth, 

The greatest 

1. A'berformsnce coefficient" is developed as a parameter for appraising t h e  
influence of burner design and construction on the  performance of practical. gas 
appliance burners. 

2. The "performance coefficient' ' includes the  resistance coefficient of the  
ports, and other elements of the  burner as a whole, a s  an overall  coefficient. 

3. It is  demonstrated that the  "performance coefficient" f o r  any selected 
burner can be determined ind i rec t ly  through the  use of a f u e l  gas f o r  which the 
flame s t a b i l i t y  l imi t s  are known. 
any other f u e l  gas nay then be predicted. 

The operation of the burner when supplied with 

4. A procedure for estimating performance curves f o r  any burner and fue l  com- 
bination is described and i l l u s t r a t ions  given. 

5. Avenues f o r  fu r the r  study are indicated, through which the  influence of 
These individual elements of burner design may be determined in  greater de t a i l .  

elements are port depth, spacing, and burner configuration with respect t o  the 
location of .  t h e  Venturi. 
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A = total area of ports. 

D E diameter of port. 

G s boundary velocity gradient. 

PA = performance coefficient of appliance burner. 
RH = hydraulic raCiius of port = gerimeter ort area 

Re Reynold's number. 

V volumetric rate of flow tbrough port. 

a and b = parameters relating performance coefficients and Reynold's 
numbers. 

r = radius of port. 

ii average linear velocity through port V 

h = resistance coefficient. 

v I kinematic viscosity of the air-fuel mixture. 

F I Fraction of stoichiometric fuel in combustible m i x t u r e  

x -  

percent fuel in mixture 
percent fuel in a stoichiometric 

I 

t 
P 
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Figurs 2 - Performance Coefficients Star-shaped m a r  (b). 
0 Natu ra l  Gas; A, A 75.6 eethaoe + 24.7% hydrogen; 
65.8% ethane  + 9.2% hydrogen. 
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Figure 5 - Calculated FLssDe Stability O m ,  MnUfEctured 
oil cas. 
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I Figure 6 - Calculated Perlo-ce Curves, Burner (a) w i t h  
manufactured oil oae. 

HEAT INPUT - THOUSANDS OF Btu PER HOUR 

Figure 7 - Calculated Performance Curves, Burner (e) 
(natural gas head) vith Propsne. 


